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Introduction 22
The Younger Dryas cold event (YD; 12.8 -11.7 ka) interrupted the overall 23 warming trend of the last deglaciation in the Northern Hemisphere (Alley, 2000) . It is 24 commonly attributed to freshwater input to the North Atlantic that forced a re-25 organization of oceanic circulation and interrupted heat transport to higher latitudes 26 (Broecker et al., 1989; Clark et al., 2001; McManus et al., 2004) . Changes in 27
Greenland mean annual temperatures are dominated by large changes in wintertime 28 *Manuscript Click here to view linked References temperature with summer temperatures displaying a subdued response (Björck et al., 29 2002; Buizert et al., 2014) due to greatly expanded North Atlantic winter sea ice (Lie 30 and Paasche, 2006) . The role of North Atlantic sea ice in modulating the rapid YD 31 climate shifts through increased seasonality (Denton et al., 2005) has been invoked to 32 explain data that challenges the accepted view that the YD was a time of glacier 33 expansion across the North Atlantic (Bromley et al., 2014) . 34
Determining the response of ice masses to rapid climate change is important to 35 fully understand the inter-connected ocean-atmosphere-cryosphere system. The 36 response of ice masses to increased YD seasonality has implications for understanding 37 the extent to which North Atlantic stadials aided or abetted glacier expansion and the 38 spatial variance of any heterogeneous response. In Scotland, the Loch Lomond Stadial 39 forms an elevated (~400 m) plateau with a total area of ~400 km 2 . It is surrounded by 55 mountain peaks rising to ~1000 m. Geomorphological mapping and numerical 56 modeling (Golledge et al., 2008) place Rannoch Moor at the centre of the LLR ice cap. 57
(LLS) is approximately equivalent to the YD (YD ≈ LLS). The LLS is widely held to 40
Given this, it has widely been assumed that deglaciation of Rannoch Moor closely 58 equates to final deglaciation of Scotland (Bromley et al., 2014; Lowe and Walker, 59 1976) . 60
We sampled six granite boulders from the crest of a moraine impounding several 61 core sites of Bromley et al. (2014) (Figure 1 ). Sample information is summarised in 62 Table 1 . Quartz was separated using standard mineral separation techniques (cf. Kohl 63 and Nishiizumi, 1992) and purified by ultrasonicating in 2%HF/HNO 3 to remove 64 remaining contaminants and meteoric 10 Be. Samples were spiked with Be carrier and 65
Be extraction followed methods modified from Child et al. (2000) . 10 Be/ 9 Be ratios 66 were measured on the 5MW accelerator mass spectrometer at the Scottish Universities 67
Environmental Research Centre (Xu et al., 2010) . 68
Exposure ages were calculated using the CRONUS-Earth online calculator ( 69 Wrapper script 2.2, Main calculator 2.1, constants 2.2.1, muons 1.1; 70 http://hess.ess.washington.edu/math/al_be_v22/al_be_calibrate_v22.php; accessed 71 25/11/2015; Balco et al., 2008) . Exposure ages are based on the time-dependent Lm 72 scaling (Lal, 1991; Stone, 2000) and assuming 1 mm ka -1 erosion. Our interpretation is 73 not sensitive to choices in scaling scheme or assumed erosion rate. We calibrated 74 exposure ages using two local, independently constrained production rates, the Loch 75
Lomond production rate (LLPR) (Fabel et al., 2012; ) and the Glen Roy production rate 76 (GRPR) (Small and Fabel, 2015) . These production rates (3.92 ± 0.18 and 4.26 ± 0.21 77 atoms g −1 a −1 respectively) agree within uncertainties but also provide upper and lower 78 limits on the range of production rates derived from other high latitude Northern 79
Hemisphere sites (Balco et al., 2009; Goehring et al., 2012; Young et al., 2013) . 80 81
Results 82
Exposure ages calculated using both local production rates are summarised in 83 Table 2 and Figure 3 . Four ages post-date the YD (≈ LLS) termination as defined in the 84
Greenland Ice core records (Rasmussen et al., 2014) regardless of choice of production 85 rate. RMOOR03 produces an age that pre-dates the YD (LLPR) or falls within the YD 86 (GRPR). RMOOR06 produces an age that falls within the YD (LLPR) or post-dates 87
the YD termination (GRPR). 88
The six samples from Rannoch Moor produce a reduced Chi-square ( single population. This lends confidence to our interpretation as it is unlikely any 98 exhumation could result in close clustering of these samples. Given the 99 geomorphological setting and excellent statistical agreement between these ages (cf. 100
Balco, 2011) we consider the best estimate of true moraine age is given by RMOOR01, 101 02, 04, 05 with a mean age (full uncertainty) of 11.5 ± 0.6 ka (LLPR) or 10.6 ± 0.6 ka 102 (GRPR). 103
Discussion 105
Regardless of production rate the best estimate moraine age post-dates the 106 minimum deglaciation age proposed by Bromley et al. (2014) . A detailed assessment 107 of the relative accuracy of the local production rate calibrations is beyond the scope of 108 this paper. We note that the LLPR is derived from direct age control provided by 109 limiting radiocarbon ages (MacLeod et al., 2011) whereas the GRPR is based on 110 assumed ages of tephra within a varve chronology (MacLeod et al., 2015) . Based on 111 this, and to simplify comparison to previously published data, we focus further 112 discussion on the implications of our data calibrated using the LLPR. 113
Most existing
10 Be exposure ages relating to the LLS in Scotland are from satellite 114 ice masses (Ballantyne et al., 2007; Ballantyne et al., 2013; Finlayson et al., 2011; 115 Gheorgiu et al., 2012; Small et al., 2012) . These ages paint a complex picture of 116 diachronous glacial maxima (Ballantyne, 2012) suggesting that some LLS glaciers 117 reached their maxima in the early part of the stadial. Given evidence for oscillatory 118 retreat (Ballantyne, 1989 (Ballantyne, , 2002 Golledge, 2010) Reconciling conflicting geochronological constraints on deglaciation is necessary 149 to realise the potential of utilising the LLR ice mass as a proxy for terrestrial palaeo-150 environmental change. One potential explanation stems from the fundamental control 151 accurate knowledge of production rates has on the resulting accuracy of exposure ages. 152
The deglaciation age of Rannoch Moor, constrained by our 10 Be data, varies depending 153 on choice of production rate vis a vis GRPR or LLPR. Using the GRPR makes the 154 exposure ages younger and thus does not resolve the disparity. However, it highlights 155 uncertainty in constraining local production rates raising the possibility that both the 156 GRPR and LLPR underestimate 10 Be production rates in Scotland. The lowest 157 independently constrained production rate is the New Zealand production rate 158 (3.74 ± 0.08 atoms g yr −1 ) (Putnam et al., 2010) . For illustrative purposes a 159 recalibration of the Rannoch Moor samples with this production rate yields a best 160 estimate moraine age of 11.7 ± 0.6 ka and thus fails to reconcile the 10 Be data with the 161 radiocarbon ages. Given the range of published Northern Hemisphere production rates 162 we consider it unlikely that both local calibrations underestimate 10 Be production such 163 that the 10 Be ages could be reconciled with the radiocarbon ages. Greenland. Geology, 30 (5) H.B., Cvijanovic, I., Dahl-Jensen, D., Johnsen, S.J., Fischer, H. and Gkinis, V., 2014. 342 A stratigraphic framework for abrupt climatic changes during the Last Glacial period 343 based on three synchronized Greenland ice-core records: refining and extending the 344 INTIMATE event stratigraphy. Quaternary Science Reviews, 106, 
